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Ensuring the correct ﬁber orientation in draped textiles and 3D preforms is one of the current challenges
in the production of carbon-ﬁber reinforced plastics (CFRP), especially in resin transfer molding (RTM).
Small deviations in ﬁber angle during preforming have a considerable effect on the mechanical prop-
erties of the ﬁnal composite. Therefore, this paper presents an automated method for determining local
yarn orientation in three-dimensionally draped, multi-layered fabrics. The draped fabric is scanned with
a robot-guided high-frequency eddy current sensor to obtain an image of the sample's local conductivity
and permittivity. From this image, the ﬁber orientation not only of the upper, but also of the lower,
optically non-visible layers can be analyzed. A 2D Fast Fourier Transform is applied to local segments of
the eddy current image to determine the local yarn orientation. Guidelines for processing the eddy
current data, including phase rotation, ﬁltering and evaluation segment size, are derived. For an intuitive
visualization and analysis of the determined yarn orientation, reference yarn paths are reconstructed
from the determined yarn angles. The developed process can be applied to quality inspection, process
development and the validation of forming simulation results.
© 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
In the production of carbon ﬁber reinforced plastics (CFRP), one
of the current challenges is the quality assessment along the pro-
cess chain. This is especially true for the resin transfer molding
(RTM) process, which involves the steps of textile production,
preforming and the injection of the resin in a closed mold. The
preforming step, in which dry textiles are cut, stacked, draped to a
3D shape and bonded, is critical for the quality of the ﬁnal com-
posite part. Any deviations in the ﬁber orientation can lead to a
drastic loss of strength in the composite part. E.g., a ﬁber
misalignment of 10 results in a loss of 30% or more in compression
strength for unidirectional-reinforced composites [1e4]. It is
therefore of great importance to ensure the correct ﬁber6, 01069, Dresden, Germany.
rdl).
ier Ltd. This is an open access articorientation. Furthermore, forming defects like gaps and wrinkles
need to be eliminated.
Different methods have been applied for the detection of the
ﬁber orientation in 3D-draped textiles and preforms. Most re-
searchers and industrial users rely on optical methods [5e8], which
are fast and low-cost. However, optical methods only allow mea-
surement of the uppermost fabric or preform layer, which is
insufﬁcient for typical preforms consisting of 10 or more fabric
layers. Ultrasonic inspection, which is state of the art for the quality
assessment of the ﬁnished composite part, is in general not appli-
cable to stacks of dry textiles, which lack a solid medium for wave
propagation [9,10]. Although air-coupled ultrasound techniques
can be operated on dry materials, the attainable resolution and
contrast are not sufﬁcient for ﬁber orientation analysis [11,12].
High-resolution thermography has been shown to be able to detect
the ﬁber orientation in draped textiles [13,14]. Challenges, in this
case, are the limited penetration depth and the required techno-
logical adaptions for high-resolution measurement.le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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thereby provide an inspection technique for multi-layered textile
stacks and preforms, is the high-frequency eddy current inspection
technique.Due to the considerably lower conductivityof carbonﬁber
materials compared to metals, higher frequencies can be used to
increase sensitivity on carbon ﬁbers (1e50 MHz, compared to
0.1e1 MHz for the eddy current testing of aluminum). Although the
feasibility of eddy current testing for carbon ﬁber composites had
already been shown in the 1970s [15,16], early research focused on
the detection of cracks in composites [17e23]. Only with the recent
developmentof high-resolution testingequipment, itwaspossible to
use local changes in conductivity to trace individual yarns and
thereby detect fabric and preform defects such as gaps, local wavi-
ness and ﬁber orientation [24e27]. In recent years, high-resolution,
high-frequency eddy current measurement has been successfully
applied for theonline-inspectionofnon-crimp fabricproduction [28]
and automated ﬁber placement [29], as well as in the online areal
weight (grammature) testing of carbon ﬁber nonwovens [28,30].
Fig. 1 (left) shows an example eddy current scan for a quadraxial
(þ45/90/45/0) carbon ﬁber non-crimp fabric (four layers of ca.
300g/m2areaweighteach).Ascanbeseen, yarns fromboth theupper
and the three lower layers can be distinguished as stripe patterns.
By integrating a high-frequency eddy current measurement
system with an industrial 6-axis robot, it was shown that the yarn
orientation in three-dimensionally draped textiles and preforms
can be visualized [28]. The result is a 3D map of the local electrical
properties of the sample, in which individual yarns from the
different layers can be distinguished (Fig. 1 right).
A dedicated inspection software, EddyEva by Suragus GmbH
[31], is available for the automated analysis of eddy current scans
from multi-layer carbon fabrics and preforms. Different layers canFig. 1. Eddy current scan results for a planar quadraxial non-crimp fabr
Fig. 2. EddyEva detection of local yarn positions and gaps for a biaxial fabric (lebe separated and quality parameters like yarn orientation, ﬁber
distribution, gaps and waviness can be automatically evaluated,
with the option to check user-deﬁned critical thresholds and to
generate automatic reports for each sample. The inspection can be
applied for the local analysis of both 2D and 3D scan results (Fig. 2).
However, no research has been reported so far on the global
analysis of 3D eddy current scan results. From the perspective of
process development and quality assessment in RTM preforming,
as well as for the validation of draping simulations, it would be
desirable to not only determine local yarn orientations for the
whole 3D surface automatically, but to use this local ﬁber orien-
tation to reconstruct the actual yarn paths over the 3D surface. This
would ﬁnally allow for an easy comparison between different
samples, e.g. with different draping parameters, and could serve as
input e.g. for infusion or structural simulation [32].
Therefore, this paper aims at developing such an automated,
robust method for the extraction of local yarn angles from 3D eddy
current data and for the reconstruction of local yarn paths. The
detection of the yarn orientation will be done by a local Fourier
transform of projected segments of the measurement data; in order
toprovideageneralbackground, theconceptofusingFourieranalysis
for the determination of ﬁber orientationwill be explained brieﬂy.
Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.compositesb.2016.04.040.
2. 2D-Fast Fourier analysis for the evaluation of ﬁber
orientation
As was shown above, high-frequency eddy current scanning
can be used to generate a conductivity map in which the indi-
vidual yarn systems are visible as overlaid stripe patterns. For theic (left) and for a hemispherically draped biaxial non-crimp fabric.
ft and center), and of a critical gap width (right) in a 3D eddy current scan.
Table 1
Material speciﬁcation.
Fiber orientation [þ45/45]
Areal weight 580 g/m2
Fiber material Toho Tenax HTS45 E23 800 tex
Fiber spacing 2.76 mm
Stitch length 4 mm
G. Bardl et al. / Composites Part B 96 (2016) 312e324314analysis of such periodic patterns, Fourier analysis been used in a
variety of textile and related applications. It has been successfully
applied for the detection of local fabric defects in weaves
[33e44] and knitted fabrics [45]; the determination of ﬁber
orientation in paper sheets [46], nonwovens [47,48] and biolog-
ical cell networks [49]; and the measurement of ﬁber orientation
in planar non-crimp fabrics, based on optical inspection [50]. It
has also been used for the evaluation of 2D eddy current mea-
surements [51,52].
In Fourier analysis, the 1D or 2D signal is decomposed into sine
functions, which, when summed up with their respective fre-
quency and amplitude, generate the original signal [33]. The
Fourier transform, therefore, can be used to analyze the periodic
components of a signal. For an example, see the striped black-white
pattern in Fig. 3 (left). It can be represented as a single sine wave
with the respective angle (45), spatial frequency (ca. 0.03 mm1)
and amplitude, which are shown in the Fourier transform (Fig. 3,
right). Since the Fourier transform is symmetrical to the origin, all
frequencies are present twice, resulting in two red peaks for the
main frequency. The angle between the vertical axis and the line
formed by these peaks represents the angle of the periodicity of the
pattern. The stripe or “ﬁber” orientation is perpendicular to the axis
of the periodicity and can thus be easily derived from the Fourier
transform.
When two perpendicular sine waves of the same frequency are
overlaid, the result will be a pattern as in Fig. 4, with the Fourier
transform showing both components at their respective angles
(þ45 and 45 in this case).Fig. 4. Two overlaid sine waves at þ45 and 45 (le
Fig. 3. Stripe pattern (left) and i3. Experimental procedures
3.1. Tested material
All experiments were carried out with bidiagonal [þ45/45]
carbon ﬁber non-crimp fabrics. The textiles were manufactured at
the ITM, TU Dresden on a Karl Mayer Malimo 14024. Table 1 con-
tains the material speciﬁcations.
3.2. Draping test stand
For the purpose of this research, a draping test system was
designed and manufactured by HTS Coswig GmbH in a joint
research project (Fig. 5). The test system features a hemispherical
punch which can be extended at different speeds and to set
heights. Force and displacement are measured and logged to a
control PC. For tensioning, the circular blank-holder is divided into
8 blank-holder segments, whose forces can be adjusted
individually.ft) and corresponding Fourier transform (right).
ts Fourier transform (right).
Binding Tricot
Fig. 5. Draping test system (schematic) (left), picture (right).
G. Bardl et al. / Composites Part B 96 (2016) 312e324 315Table 2 shows the available options for the draping test stand,
their limits and the selected values for the ﬁrst experiment.3.3. Robot-guided eddy current measurement system
After draping, the surface of the draped textile is scanned
with a high-frequency eddy current sensor mounted on an in-
dustrial 6-axis robot (Fig. 6). Due to symmetry, a representative
part of the hemisphere was used for scanning. Within this area,
parabolic paths are projected onto the surface, along which the
sensor scans the draped multi-layered textile. For the sensor and
the measurement hard- and software, the commercially avail-
able EddyCus® Integration Kit by Fraunhofer IKTS, Dresden, was
used (see Ref. [28] for further details). At deﬁned time intervals,
the complex impedance signal (conductivity and permittivity of
the sample) is measured and recorded. The testing is done
simultaneously with four eddy current excitation frequenciesTable 2
Experimental values for draping experiments.
Displacement
Speed
Blank holder force (individually for each of the 8 blank holders)
Fig. 6. Draped textile at punch extension height 100 mm (left), area used for scannin(test frequencies). Best results were obtained for a test frequency
of 6 MHz, so only data for this frequency was used for evaluation.
Table 3 lists the scanning parameters.4. Development of image analysis algorithm
4.1. Automatic phase rotation of eddy current data
The measurement provides a data set of ca. 60,000 complex
electrical impedance values (real and imaginary components) of
the eddy current signal, with each value associated with a point in
3D space. In order to visualize the data and to apply image analysis
algorithms to it, this complex (2D) signal value at each point has be
transformed to a real (1D) signal which can be represented as a gray
value.
Fig. 7 (left) plots the real and imaginary components of all data
points. The real components spreadout between ca. 7000 and10,000
digits, the imaginary components between 1000 and 5000 digits. ByMin Max Selected value
0 mm 100 mm 100 mm
0.3 m/s 13.3 m/s 0.3 m/s
0 96 N 0 N
g (center), scanning process by EddyCus® robot at Fraunhofer IKTS-MD (right).
Table 3
Eddy current scanning parameters.
Robot Fanuc ARC Mate 120iC
Sensor
- Coil conﬁguration
- Coil diameter
- Shape of coil
S14148
- “Half-transmission” (separated excitation and pick-up coil, both on same side of material)
- 3.3 mm
- Helical
Eddy current test frequency 6 MHz
Distance between data points (average) 0.6 mm
Distance between parallel paths (average) 0.5 mm
Fig. 7. Complex plot of eddy current scan data (left), visualization as gray values after projection of complex data (right).
Fig. 8. Phase rotation of complex impedance data.
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component), the complex 2Dsignal at eachdatapoint canbe reduced
to 1D data, which can be interpreted as a gray value (with 7000
digits ¼ white, 10,000 ¼ black). Fig. 7 (right) visualizes the result,
where at each sample point in 3D space the gray value derived from
themeasurement is plotted. Notice that the paths of individual yarns
can be distinguished, althoughwith low contrast. Also, yarns of both
layers e both the upper þ45 and the lower 45 layer, which
wouldn't be accessible with optical methods e are visible.
The contrast between individual yarns in Fig. 7 can be consid-
erably improved by applying an additional phase rotation to the
complex data. What appears as different brightness between the
(darker) left side and the (brighter) lower-right part of the surface is
actually the result of a lift-off effect (a small air gap between the
sensor and the fabric), which occurred in the lower-right part
during the scanning process. The lift-off effect and the electrical
conductivity of the sample are the two dominating contrast
mechanisms during eddy current scanning, with both contrast ef-
fects occurring at different phase angles. The difference between
these phase angles is ca. 90. Thus, by applying an appropriate
phase rotation to the data set, the effect of the lift-off can be
mapped mostly to the imaginary axis and the effect of the con-
ductivity on the real axis. The absolute value of the required phase
rotation angle will be inﬂuenced by parasitic effects from the
measurement instruments.
Fig. 8 shows the point cloud rotated by different phase angles.
For the marked sample point, the phase angle is changed from a0 to
a0 þ30 etc.
The rotated point clouds are again projected onto the real axis
(only the real component is taken) and visualized on the 3D surface
(Fig. 9). Rotations above 180 are not considered, since a rotation of
180þa only inverts the real and imaginary components compared
to a rotation of a.
Comparing the results of the different rotations, it can be found
that the best contrast between individual yarns is achieved for a
phase rotation of 60. At this rotation, the lift-off inﬂuence isconsiderably decreased, with the different brightness between the
left part and the right tip of the surface is removed.
In order to automatically determine the appropriate phase
rotation for removing liftoff and compensating parasitic effects,
it is assumed that the standard deviation caused by the lift-off
is equal or higher compared to the standard deviation caused
by the sample's electrical properties, which is a valid assump-
tion for Fig. 7. Thus, when a regression line is calculated for the
complex data set, the direction of the regression line e which
by deﬁnition is the direction of the highest standard deviation
e will indicate the direction of the lift-off. By rotating the point
cloud so that this regression line stands vertically (Fig. 10), the
lift-off effect will be mapped mostly to the imaginary axis and
is therefore removed when the data is projected to the real
axis.
For the current sample, this procedure results in a calculated
lift-off angle of 62, which is in good agreement with the analysis of
Fig. 9 as discussed above. Furthermore, it was found that a phase
rotation calculated by this procedure gives best detection results for
Fig. 9. Visualization after phase rotation.
Fig. 10. Procedure for automatic phase rotation.
Fig. 11. Evaluation points.
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calculated phase rotation is therefore applied to the complex
measurement data set prior to image processing.
4.2. Image segmentation, orthogonal projection and local Fourier
transform
In order to extract information about local yarn orientation, the
image is evaluated at individual points (centers marked with circlesin Fig. 11). In this chapter, section (2,2) will be used for the illus-
tration of the algorithm. For the discussion of the algorithm pa-
rameters, results from sections (2,2) and (5,2) will be compared
(both marked red).
In a ﬁrst step, the tangential plane is determined at the
considered evaluation point and a normal projection of the whole
G. Bardl et al. / Composites Part B 96 (2016) 312e324318surface is carried out (Fig. 12, left). From this normal projection, a
square section of deﬁned edge length around the center point is
taken for evaluation (Fig. 12, right). Notice that the pattern in the
projected section generally resembles the pattern generated by two
overlaid sine waves in Fig. 4 above.
On this projected section, a 2D Fourier transform is applied in
order to carry out a frequency analysis (Fig. 13, left). In the Fourier
transform image, yellow and red colors correspond to higher en-
ergy, which indicate a periodicity in the corresponding direction
and at the corresponding frequency. The angle of these peaks, as
measured form the vertical, thus indicates the direction of the
periodicity. Thus, the analyzed section shows periodic components
at angles of 57, 100 and 142 (Fig. 13, right).
4.3. Detection of yarn orientation
Since the yarn direction is perpendicular to the direction of the
corresponding frequency peak, the actual yarn angles ayarn can be
calculated from the frequency angles afreq:
ayarn ¼ afreq  90

(1)Fig. 12. Normal projection at point (2,2) (le
Fig. 13. Fourier transform of section (2,2) (lef
Table 4
Determined angles from Fourier transform.
Frequency angle (in degree) Corresponding yarn angle (in degree)
57 33
100 10
142 52Table 4 shows the frequency and corresponding yarn angles
along with the frequencies and wave lengths of the individual
peaks found at these angles. Note that several high-energy peaks
with different frequency are present at the angles of 57 and 142,
indicating periodic information of different frequencies at these
angles.
In order to automatically detect the yarn angles from the Fourier
transform, the energy for all pixels at a certain angle is summed up
and the frequency angles are converted to the actual yarn angles
(Fig. 14, left). This energy distribution clearly shows two peaks
which correspond to the two yarn directions, as can be conﬁrmed
from Fig.14 (right). The third frequency peak at 10 is most likely an
artifact from the measurement. The corresponding wave length of
ca. 4 mm indicates that it might be related to the distance between
the excitation and pick-up coil in the sensor, which is roughly the
same length [28].
From Fig. 14 (left), an automatic detection of the ﬁber angles is
possible if the intervals in which the yarn directions are presumed
are known. In this case, it is known that there are two yarn systems
and that the angles of these yarn systems are between 20 and 85
and 20 and 85, respectively. These intervals have been markedft), derived evaluation section (right).
t), angles with maximum energy (right).
Frequency (in 1/mm) Wave length (in mm)
0.11, 0.19, 0.33 8.9, 5.3, 3.0
0.25 4.1
0.18, 0.28 5.6, 3.5
Fig. 14. Energy distribution (left), visualization of ﬁber orientation with maximum energy (right).
G. Bardl et al. / Composites Part B 96 (2016) 312e324 319with a dotted gray vertical line in the energy distribution. The
maximum within these intervals is taken to be the actual yarn di-
rection. In future research, this procedure can be extended to pre-
forms with multiple fabric layers, since each additional yarn system
with a distinct angle will be represented as an additional peak in
the energy distribution.
It should be noted that in the 2D-Fourier transform (Fig. 13
above), the main red and yellow energy peaks are not, as would
be expected, at the frequency of 0.36 mm1 (which would corre-
spond to the original yarn distance of ca. 2.8 mm), but at ca. half this
frequency (corresponding to twice the yarn distance). The reason
for this can be seen in Fig. 15. For both yarn directions, a grid has
been ﬁtted to the image, with the yarn distances of 3.1 and 3.3 mm
chosen so as to best match the white stripes (yarns) in both di-
rections.When the underlying image is compared to this grid, it can
be seen that two neighboring yarns (white stripes) usually appear
as “merged”, which might be caused by the distance between
sensor's excitation and pick-up coil, which is of the same magni-
tude as the yarn distance. In the Fourier transform, the main peri-
odicity thus appears at twice the yarn distance.Fig. 15. Analysis of yarn distances.5. Inﬂuence of algorithm parameters and ﬁltering on the
results
5.1. Evaluation sections
The detection of the yarn orientation can be inﬂuenced by two
factors: the size of the evaluation segment, and an optional fre-
quency ﬁltering, which can improve the results. These inﬂuences
are discussed for sections (2,2), which had been used for the il-
lustrations above, and section (5,2), which is one of the most
difﬁcult sections of the surface: the fabric is highly draped, while at
the same time the section features an edge and has reduced in-
formation (yarn only in 50% of the area) (Fig. 16).5.2. Filtering
High-pass ﬁltering is a standard tool in image analysis for taking
out low-frequency components, thus sharpening the image and
highlighting any edges. Therefore, different high-pass ﬁlters which
correspond to multiples of the yarn distance are tested on the
image (see Table 5).Fig. 16. Normal projection for section (5,2).
Fig. 17. High-pass ﬁlter radii in Fourier transfor
Fig. 18. Energy distribution for different high-pas
Fig. 19. Calculated ﬁber orientation for different high
Table 5
Filter frequencies and corresponding wave lengths.
Frequency Wave length
0.08 mm1 12 mm
0.11 mm1 9 mm
0.17 mm1 6 mm
0.33 mm1 3 mm
0 (no ﬁltering) Inﬁnite
G. Bardl et al. / Composites Part B 96 (2016) 312e324320Fig. 17 shows the Fourier transform for both sections. Notice that
the peaks for section (5,2) are much wider, indicating that slightly
different ﬁber angles are present in the evaluation segment. The
minimum frequency for each ﬁlter is shown as circle. When
calculating the energy distribution, only energy content outside of
the ﬁlter radius is considered.
Fig. 18 shows the energy distribution of the two samples for the
different ﬁlter widths. The detected ﬁber directions are drawn into
Fig. 19.ms for section (2,2) (left) and (5,2) (right).
s ﬁlters, sample (2,2) (left) and (5,2) (right).
-pass ﬁlters, sample (2,2) (left) and (5,2) (right).
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section (2,2) is rather independent of the chosen ﬁlter. Small de-
viations in the 31 … 35 angle are to be expected, since yarns
with slightly different orientations and slightly different yarn dis-
tances are present in the evaluation section due to draping. Based
on the analysis of this section, all ﬁlter widths, including 0 mm1
(no ﬁltering) would be suited for the automated detection.
For section (5,2), on the other hand, the different ﬁlters lead to
noticeable different results. Without ﬁltering (fmin ¼ 0 mm1, red
curve), the orientation of the yarn at ca. þ56 was not detected (the
maximumof the redcurvewas foundat82.5). Thus, theapplicationof
a ﬁlter is necessary in this case. Also, note that the ﬁltering at
fmin ¼ 0.33 mm1 (magenta curve) accentuates the peaks at ca. ± 5
and leads to ratherbig secondarypeakswithin thedetection intervals
(at ca. 70 and 65). The ﬁlter sizes of 0.08, 0.11 and 0.17 mm1 all
lead to reasonable results, but it can be seen that the blue and green
lines best match the orientation of the yarns in the evaluation seg-
ment's center. Thus, a ﬁlter width of 0.11 mm1 (blue line) is chosen,
which corresponds to awave length of three times the yarn distance.5.3. Inﬂuence of segment size
The size of the evaluation segment inﬂuences the detection re-
sults. The bigger the size, themore yarns and thus periodical patterns
are present, resulting in higher peaks in the 2D Fourier transform.
However, since the surface is draped, the bigger the evaluation sec-
tion, the higher the variety of yarn angles in the evaluation segment
will be, leading to wider peaks. The determined angle will representFig. 20. Visualization of different evaluation segmen
Fig. 21. Energy distribution for different evaluation seonly the average yarn orientation for a bigger section. It is, therefore,
desirable to have a section as small as possible.
Fig. 20 shows the included area for different sizes of the eval-
uation section; Fig. 21 shows the calculated energy distribution. A
high-pass ﬁltering of 0.11 mm1 was applied.
The comparison of the calculated yarn orientations with the
scanning results can be seen in Fig. 22. For section (2,2), the
detected angles for widths 15, 20 and 30 mm are almost equal.
However, a width of 40 mm leads to a slight change for both yarn
angles, which is most likely due to a variation in yarn angle in the
outer parts of the increased evaluation section.
For Section (5,2), it can be seen that a minimumwidth of 30 mm
is necessary for proper detection of the yarn angles. Thus, a ﬁlter of
0.11 mm1 and a segment size of 30 mm (corresponding to roughly
ten times the yarn distance) is chosen for further evaluation. Notice
that the distance between the evaluation points was chosen as
20mm, so an evaluation segment width of 30mmwill lead to some
overlap, which however doesn't affect the calculation.
6. Visualization of the results
The described algorithm is applied to determine the local yarn
orientation at all evaluation points (Fig. 23, left). From the pictures,
it can be seen that the calculated yarn directions correctly show the
directions of the yarns in the fabric at all evaluation points.
At each evaluation point, the two determined yarn angles
represent the slope of the two yarn systems in the fabric. This in-
formation can now be used to draw reference yarn paths onto the
surface, which provide an intuitive visualization:t sizes for section (2,2) (left) and (5,2) (right).
gment sizes, sample (2,2) (left) and (5,2) (right).
Fig. 22. Calculated ﬁber orientation for different evaluation segment sizes, sample (2,2) (left) and (5,2) (right).
Fig. 23. Calculated yarn directions at evaluation points (left) and calculated reference yarn paths (right) for sample 1.
G. Bardl et al. / Composites Part B 96 (2016) 312e324322- From the known slopes at the evaluation points, the slope of the
yarn can be calculated at any given point on the surface by
means of 2D interpolation from the neighboring evaluation
points.
- Starting from any given point on the surface, the path of a yarn
can be reconstructed by numerical integration of the slope ﬁeld:
the yarn direction is determined at the starting point, and a small
step is taken in this direction, arriving at a newpoint. The process
is repeated until the path of this yarn is fully reconstructed.
Fig. 23 (right) shows the paths for a set of reference yarns for the
evaluated sample. In order to limit the number of lines in the pic-
ture, the distance between the starting points of the reference yarns
was set to 10mm. Each reference yarn thus represents several yarns
of the fabric. It can be seen that the reference yarns follow the paths
of the actual yarns very closely. This serves as the ﬁnal validation of
the developed algorithm.
The calculation and comparison of reference yarns can be used
to easily visualize the effect of different forming parameters on the
yarn paths. Fig. 24 shows the detected yarn paths for two additional
samples. In sample 2, the blank holder force of all eight blank
holder segments was set to 48 N each, resulting in a total blank
holder force of 348 N. In sample 3, a blank holder force of 96 N per
segment (768 N total) was used.Comparing the yarn paths on the surface shows the inﬂuence of
the blank-holder force (Fig. 25). As expected, the displacement of
the yarns by draping is highest for sample 1 (red) and restricted for
samples 2 and 3. Interestingly, the difference in yarn paths between
samples 2 and 3 is much smaller than between samples 1 and 2.7. Conclusions
In order to process 3D eddy current measurement data, an al-
gorithm was developed that automatically determines and visual-
izes the yarn orientation on the surface. It was shown that the yarn
orientation can be derived from a 2D Fourier transform. With
proper choices for a high-pass ﬁlter and for the size of the evalu-
ation section, it is possible to determine the yarn paths even in
highly draped border regions of the surface. By drawing reference
yarn paths onto the surface, the inﬂuence of different experimental
settings on ﬁber orientation can be easily evaluated. The presented
evaluation method is not limited to eddy current measurement
data, but may be used for optical inspection of draped fabrics, too,
although in this case only the yarn paths for the upper layer may be
reconstructed.
The developed algorithm is not only of high usability for the
evaluation of draping results, but can also be used for the validation
Fig. 24. Reference yarn paths for samples 2 (left) and 3 (right).
Fig. 25. Comparison of yarn paths for samples 1, 2 and 3.
G. Bardl et al. / Composites Part B 96 (2016) 312e324 323of textile forming (draping) simulations. The simulation results,
usually shear angles, can be processed to compute simulated yarn
paths, too, which can be compared to those derived from experi-
mental results. Current research at the ITM is aimed at using the
determined ﬁber orientation as input for infusion and structural
FEM simulation.Acknowledgment
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